The purpose of the present study was to evaluate a recently introduced technique for free-breathing dynamic contrast-enhanced renal magnetic resonance imaging (MRI) applying a combination of radial k-space sampling, parallel imaging, and compressed sensing. The technique allows retrospective reconstruction of 2 motion-suppressed sets of images from the same acquisition: one with lower temporal resolution but improved image quality for subjective image analysis, and one with high temporal resolution for quantitative perfusion analysis. Materials and Methods: In this study, 25 patients underwent a kidney examination, including a prototypical fat-suppressed, golden-angle radial stack-ofstars T1-weighted 3-dimensional spoiled gradient-echo examination (GRASP) performed after contrast agent administration during free breathing. Images were reconstructed at temporal resolutions of 55 spokes per frame (6.2 seconds) and 13 spokes per frame (1.5 seconds). The GRASP images were evaluated by 2 blinded radiologists. First, the reconstructions with low temporal resolution underwent subjective image analysis: the radiologists assessed the best arterial phase and the best renal phase and rated image quality score for each patient on a 5-point Likert-type scale.
D
ynamic contrast-enhanced (DCE) magnetic resonance imaging (MRI) is an essential part of a standard renal MRI examination and plays a crucial role in the characterization of renal masses. Dynamic contrast-enhanced MRI enables not only to differentiate between benign lesions and renal cancer, but also to distinguish the 2 most relevant entities of renal cell carcinoma (RCC)-clear cell RCC and papillary RCC. [1] [2] [3] [4] In addition, DCE-MRI can be used for measuring renal perfusion and glomerular filtration rate, as gadolinium-based contrast agents are excreted nearly solely by the kidneys. [5] [6] [7] [8] [9] [10] [11] However, DCE-MRI, which is usually acquired during breath-hold, is prone to respiratory motion artifacts, which compromise achievable image quality in patients who cannot adequately hold their breath.
For the assessment of physiological perfusion parameter values, the fundamental issue for the applicability of MR-based methods is balancing between spatial and temporal resolution of DCE-MRI data. 12, 13 On one hand, high spatial resolution without motion artifacts is desirable to provide adequate morphological images for a confident diagnosis of renal diseases. On the other hand, for an accurate estimation of perfusion parameters, a high temporal resolution (less than 4 seconds per volume) is requisite. 13 To address the problem of respiratory motion artifacts and to manage the tradeoff between spatial and temporal resolution, several algorithms with reduced k-space sampling have been introduced, for example, keyhole, 14 k-t BLAST (k-t broad-use linear acquisition speed-up technique), 15 and TWIST (time-resolved angiography with stochastic trajectories). 16 Various parallel imaging techniques, as for instance GRAPPA (generalized autocalibrating partially parallel acquisition) or CAIPIRINHA (controlled aliasing in parallel imaging results in higher acceleration), could also accelerate acquisition time and have been used in abdominal imaging. [17] [18] [19] [20] However, due to the inverse correlation of the acceleration factor "R" and SNR, undersampling k-space causes a loss in SNR.
Recently, a new approach, golden-angle radial sparse parallel MRI (GRASP), [21] [22] [23] has been introduced, which could potentially address all of the aforementioned issues and combines 2 separate techniques. To reduce respiratory motion artifacts, a motion-robust 3-dimensional gradient-echo sequence (radial volume-interpolated breath-hold examination [VIBE] ) is used that utilizes a non-Cartesian "stack-of-stars" trajectory to acquire volumetric k-space data. The radial sampling is performed using the golden-angle radial sampling scheme for a flexible spatiotemporal resolution. 21 To improve the temporal resolution and to suppress undersampling artifacts, iterative reconstruction with through-time total variation regularization is applied. So far, GRASP has been successfully applied in the liver and the prostate. 21, 22, 24 Multiphase MRI of the kidney seems to be a suitable candidate for the application of that technique because of the high amount of spatiotemporal data correlations, which is a premise for the application of GRASP.
The purpose of this study was to show the feasibility of a free-breathing multiphase MRI of the kidney using a continuous golden-angle radial sampling scheme in combination with iterative GRASP reconstruction.
MATERIALS AND METHODS

Study Population
The requirement of informed patient consent was waived by the institutional review board as this is a retrospective study. The study was performed in compliance with Health Insurance Portability and Accountability Act guidelines. The patient population consisted of 25 consecutive patients (median age, 59 ± 16 years; range, 23-79 years; 16 men, 9 women) who had undergone an MRI study of the kidney for the evaluation of renal masses.
Data Acquisition
The examinations were conducted on a 3 Twhole-body MR system (MAGNETOM Skyra; Siemens Healthcare, Erlangen, Germany) using a 30-channel coil setup (18-channel body coil and 12-channel spine coil). In all subjects, our standard kidney protocol was acquired. Examinations included the following sequences: coronal and axial T2 half-fourier acquisition single-shot turbo spin echo imaging (HASTE), axial fat-suppressed T1-weighted gradient-echo sequence (VIBE), and axial diffusion-weighted imaging with reconstruction of the apparent diffusion coefficient map. In addition, prototypical fat-suppressed, golden-angle radial stack-of-stars T1-weighted 3-dimensional spoiled gradient-echo examinations after injection of gadopentetate dimeglumine (Dotarem; Guerbet, Paris, France) were performed during free breathing for subsequent GRASP reconstruction. For contrast-enhanced imaging, a standard dose of 0.1 mmol/kg Dotarem was administered at a rate of 2 mL/s. For the free-breathing GRASP sequence, overall 1586 radial spokes were continuously acquired in 180 seconds using the golden-angle scheme. 25 Contrast injection was initiated 20 seconds after start of the image acquisition.
Image Reconstruction
GRASP reconstruction was carried out offline on a Linux workstation using prototype reconstruction software written in C++. For image quality assessment, the temporal resolution was retrospectively selected as 6.2 seconds, corresponding to 55 radial spokes per temporal frame. For perfusion parameters assessment, the temporal resolution was retrospectively selected as 1.5 seconds, corresponding to 13 radial spokes per temporal frame. These temporal resolutions were selected empirically with the goals of minimizing residual undersampling artifacts (55 spokes) and high temporal resolution (13 spokes). Furthermore, choosing Fibonacci numbers such as 55 and 13 spokes in combination with the golden-angle increment has 2 advantages, both mitigating streak artifacts in the reconstructed images. First, an almost uniform angular distribution of the radial samples in each time frame is ensured. 25 Second, the angles of successive time frames are interleaved, promoting temporal incoherence of the streaking artifacts, which is a prerequisite for the effectiveness of the through-time regularization. A schematic overview is shown in Figure 1 . GRASP reconstruction is based on optimizing the following cost function:
Where x is the estimated image series, y is the acquired MRI k-space raw data, A is the multicoil MRI sampling operator, and ∇ t denotes the finite differences operator along the temporal dimension. The multicoil k-space data were normalized to have unit noise intensity in each coil, which allowed using the same regularization weight λ = 2.0 for all data sets to balance between temporal sparsity and data fidelity. Minimization of the cost function was achieved with the Split-Bregman technique with 2 outer and 4 inner iterations, where each Bregman step comprised 4 iterations of the limited-memory Broyden-Fletcher-GoldfarbShanno algorithm. 23 Furthermore, this reconstruction scheme and the radial readout are used to reduce motion artifacts, that is, to "freeze" breathing motion. 26 The reconstruction time was 60 minutes per data set for the reconstruction with lower temporal resolution and approximately 120 minutes per data set for the reconstruction with higher temporal resolution on an HP ProLiant server with 256-GB RAM and dual Intel Opteron 6376 CPUs (16 cores each).
Image Analysis
Subjective Image Analysis
Two blinded radiologists (with 9 and 6 years of experience in abdominal MRI), unaware of the diagnosis and patients' clinical history, evaluated the GRASP images. For this assessment, the image series were evaluated using the OsiriX 5.0 (OsiriX Foundation, Geneva, Switzerland) Dicom viewer running on an iMac with an 8-GB RAM and an i7 central processing unit (Apple Inc, Cupertino, CA). For subjective image analysis, the radiologists assessed the best arterial phase (BAP) and the best renal phase (BRP) in the reconstructions at a temporal resolution of 6.2 seconds and rated image quality score for each patient on a 5-point Likert-type scale: 5, excellent image quality; 4, good image quality; 3, moderate image quality; 2, poor image quality; and 1, nondiagnostic image quality. In addition, diagnostic confidence for each patient based on all available images was rated according to a 3-point Likert-type scale: 3, good; 2, poor; and 1, nondiagnostic. Respiratory motion artifacts and streak artifacts were rated according to a 3-point Likert-type scale: 3, not present; 2, present but not compromising diagnostic image quality; and 1, compromising diagnostic image quality.
Perfusion Analysis
Dynamic contrast-enhanced MRI quantification of the reconstructions at a temporal resolution of 1.5 seconds was done with a voxel-by-voxel deconvolution approach as described in Sourbron et al. 27 Briefly, this is a modified version of the highly successful truncated singular value decomposition algorithm with a fixed regularization parameter, as first proposed for dynamic susceptibility contrast MRI by Ostergaard et al. 28 This quantification method has been integrated in an in-house certified OsiriX plugin (UMMperfusion). 29 The arterial input function was determined by carefully placing an region of interest in the abdominal aorta cranial to the branch of the renal A 67-year-old man who was not able to hold his breath sufficiently. CAIPIRINHA Dixon VIBE sequence (A) shows respiratory motion artifacts in the left kidney (white arrows) due to an incomplete breath-hold, despite an acquisition time of 10 seconds. BRP of the GRASP reconstruction (B) shows no respiratory motion artifacts despite free-breathing acquisition.
arteries. A linear relationship between contrast agent concentration and signal intensities was assumed as a standard contrast agent. The total renal plasma flow (RPF) was assessed by a volumetric analysis of the generated DCE perfusion maps. Therefore, each slice of the kidney was manually drawn using the brush mode of the OsiriX Dicom viewer. For quantification of RPF, 1 whole kidney in each patient was evaluated, that is, the cortex and the medulla were included in the measurement.
RESULTS
GRASP data sets were successfully acquired and reconstructed in all 25 subjects as described in the previous section.
Subjective Image Analysis
For image quality assessment with 55 radial spokes per temporal frame, reader 1 and reader 2 rated the overall image quality scores for the BAP and the BRP with a median image quality score of 4 for both phases. A representative example is shown in Figure 2 (please also see Supplementary Video, Supplemental Digital Content 1, http://links. lww.com/RLI/A296). Diagnostic confidence was rated with a median image quality score of 3 for both readers and both phases (Fig. 3 ). There were no respiratory motion artifacts in any of the patients (Fig. 4) . Streak artifacts were present in all of the patients, but did not compromise diagnostic image quality. Interobserver agreement for all assessed parameters was excellent (all κ > 0.75). A detailed overview of the subjective image read is provided in Table 1 .
Perfusion Analysis
Perfusion analysis was successfully performed in all data sets. For assessment of perfusion parameters, the temporal resolution was retrospectively selected as 1.5 seconds, corresponding to 13 radial spokes per temporal frame.
The mean single kidney RPF of all patients was 295 ± 78 mL/ 100 mL per minute (range from 169 to 501 mL/100 mL per minute). Figure 5 shows the individual RPF of the patients. Figure 6 depicts a calculated RPF map of 1 patient as example.
DISCUSSION
For the assessment of the kidney, techniques including DCE-MRI are promising as they provide quantitative functional information besides the morphological images. 2, 4, [30] [31] [32] There are some inherent issues and challenges of conventional DCE-MRI. First, the sequence is usually acquired during breath-hold, which makes it prone to respiratory motion artifacts. Second, a reasonable spatiotemporal resolution is desirable to achieve an accurate estimation of perfusion parameters on one hand and to provide adequate morphological images for a confident diagnosis on the other hand.
In a study of 2015, an estimation of liver perfusion metrics was performed using a free-breathing continuously acquired dynamic acquisition with compressed sensing reconstruction. 33 Our results show that free-breathing DCE-MRI of the kidney is feasible using a continuous golden-angle radial sampling scheme in combination with iterative GRASP reconstruction. This technique combines motion-suppressed, morphological imaging with perfusion quantification and therefore provides complete renal assessment in a single comprehensive MRI examination and can be used as a "one-stop shop" examination for renal MRI. As data are acquired continuously with this technique, virtually any number of spokes can be combined into an image, which provides the possibility to retrospectively decide which temporal resolution should be reconstructed. Although any number of radial spokes per frame can be chosen, using a Fibonacci number has been reported as advantageous. 25 On one hand, a lower number of spokes per time frame yields the highest temporal resolution, but at the cost of significantly larger data volumes, longer reconstruction times, and possibly more residual undersampling artifacts. On the other hand, a higher number of spokes per time frame delivers optimal image quality and is associated with reduced data volumes and reconstruction times, while the temporal resolution is compromised. In our study, for morphological images, 55 spokes were combined into each image, resulting in a temporal resolution of 6.2 seconds. In addition, images were reconstructed for perfusion assessment with 13 spokes per image, resulting in a temporal resolution of 1.5 seconds (Fig. 1) .
In the qualitative image quality assessment, the BAP as well as the best venous phase achieved an overall good image quality and high diagnostic confidence. By using a non-Cartesian acquisition technique or rather a radial k-space sampling, motion-induced ghosting artifacts were minimal in all of the patients. Those results are consistent with previously published data, demonstrating that radial k-space sampling can be used to image the abdomen during free breathing. 22 Instead of motion-induced ghosting artifacts, the radial readout scheme results in radially oriented streaks and soft motion blurring. However, those streak artifacts did not compromise diagnostic image quality of the kidneys throughout the patient population.
In our study, the mean single kidney RPF was 295 mL/100 mL per minute. Hence, RPF was slightly higher compared to the values published in previous studies. The values for single kidney RPF reported in the literature ranged from 172 to 229 mL/100 mL per minute. 6, 11, 31, 34 However, the physiological RPF, determined with para-aminohippurate clearance, account typically for 640 ± 85 mL/min per 1.73 m 2 for total RPF. 35 Therefore, it should be considered, that the parameters we measured in our study are maybe closer to the real RPF. As respiratory motion artifacts are problematic when generating pixelwise parameter maps, the motion insensitive technique used in this study might be a valuable tool to achieve valid and reproducible parameter maps. However, a more thorough analysis including a criterion standard reference method should be performed in the future.
Certainly, one of the major strengths of this technique is the high flexibility achieved by the possibility to retrospectively choose the desired temporal resolution. Further studies should be performed to investigate the influence of temporal resolution on perfusion parameters and to determine a minimal temporal resolution for valid quantification of perfusion parameters.
Limitations
Our study has several limitations. First of all, we did not have a criterion standard reference for assessment of RPF. However, contrast media injection protocol was based on previous standards and postprocessing was performed with previously validated and in-house certified, state-of-the art software for quantification of perfusion. Another limitation is the long reconstruction time, particularly for the images with a temporal resolution of 1.5 seconds, which currently took about 2 hours. Further increase of computational power will soon overcome this limitation.
CONCLUSIONS
Dynamic, motion-suppressed contrast-enhanced renal MRI can be performed in high diagnostic quality during free breathing using a combination of golden-angle radial sampling, parallel imaging, and compressed sensing. Both morphologic and quantitative functional information can be acquired within a single acquisition.
